The thymine-uracil exchange constitutes one of the major chemical differences between DNA and RNA. Although these two bases form the same Watson-Crick base pairs with adenine and are equivalent for both information storage and transmission, uracil incorporation in DNA is usually a mistake that needs to be excised. There are two ways for uracil to appear in DNA: thymine replacement and cytosine deamination. Most DNA polymerases readily incorporate dUMP as well as dTMP depending solely on the availability of the d(U/T)TP building block nucleotides. Cytosine deamination results in mutagenic U:G mismatches that must be excised. The repair system, however, also excises U from U:A "normal" pairs. It is therefore crucial to limit thymine-replacing uracils.
dUTP is constantly produced in the pyrimidine biosynthesis network. To prevent uracil incorporation into DNA, representatives of the dUTP nudeotidohydrolase (dUTPase) enzyme family eliminate excess dUTP. This Account describes recent studies that have provided important detailed insights into the structure and function of these essential enzymes.
dUTPases typically possess exquisite specificity and display an intriguing homotrimer active site architecture. Conserved residues from all three monomers contribute to each of the three active sites within the dUTPase. Although even dUTPases from evolutionary distant species possess similar structural and functional traits, in a few cases, a monomer dUTPase mimics the trimer structure through an unusual folding pattern. Catalysis proceeds by way of an S N 2 mechanism; a water molecule initiates in-line nucleophilic attack. The dUTPase binding pocket is highly specific for uracil. Phosphate chain coordination involves Mg 2+ and is analogous to that of DNA polymerases. Because of conformational changes in the enzyme during catalysis, most crystal structures have not resolved the residues in the C-terminus. However, recent high-resolution structures are beginning to provide in-depth structural information about this region of the protein.
Introduction The Reason for Negative Discrimination against Uracil in DNA
The thymine ↔ uracil exchange constitutes one of the major chemical differences between DNA and RNA. However, these two bases are equivalent for both information storage and transmission as they form the same H-bonded base pairs with adenine ( Figure 1A ). The 5-methyl group, that is, the difference between the two bases, has no effect on the interaction with adenine. In fact, DNA synthesized in a thymine-less environment has the same coding function, 1 and bacteriophage PBS 1/2 relies completely on thymine-less DNA that contains uracil instead of thymine. 2 De novo biosynthesis of thymine is an intricate and energetically expensive process that requires dUMP as the starting material and a complex array of two enzymes and cofactors ( Figure 1B ). It is therefore straightforward to ask: is there any specific reason that justifies this costly and seemingly equivalent replacement of uracil by thymine in DNA?
It is generally accepted that negative discrimination against uracil in DNA is caused by the chemical instability of cytosine. 3 Deamination of cytosine, a rather frequent process that readily occurs under physiological circumstances, gives rise to uracil (Figure 2 ). Unless corrected, this mutagenic transition will result in a C:G into U(T):A base-pair change, that is, a stable point mutation. To deal with this problem, a highly efficient repair process (uracil-excision repair, see ref 4, for example) has evolved that starts with uracil-DNA glycosylase (UDG) ( Figure  2 ). The importance of this repair process is well-reflected in two observations. One, cytosine deamination is one of the most frequent spontaneous mutations in DNA. 5, 6 Two, UDG activity resides in at least four families of enzymes: 7, 8 redundancy may be required for specific circumstances.
UDG-initiated repair deals with cytosine instability; however, it also inherently defines all uracils as mistakes to be removed. Although mismatch-oriented (U:G/T:G) glycosylases do exist, 9 the most efficient, UNG (the major uracil-DNA glycosylase; ung gene product) protein, excises all uracils, and Nature therefore had to derive yet another addition to this system: label the correct uracils with a methyl group (thymine) to distinguish them from deaminated cytosines. Once the methyl label was introduced, its van der Waals characteristics could also be exploited in interactions with DNA-binding proteins. For short-term storage of genetic information, as in modern RNAs, cytosine deamination rates do not pose a serious problem; therefore uracil does not need to be discriminated against.
The Role of dUTPase
The thymine "invention" required a de novo biosynthesis route ( Figure 1B) . However, mere availability of dTTP is not enough to prevent uracil incorporation into DNA. Most DNA polymerases cannot distinguish between thymine and uracil. It is the relative level of the respective dNTPs (dUTP/dTTP) that defines incorporation ratios, and therefore, to keep dUMP out of DNA, dUTP levels have to be strictly regulated. The enzyme dUTPase (dUTP nucleotidohydrolase) is responsible for this task: it catalyzes the cleavage of dUTP into dUMP and inorganic pyrophosphate thereby fulfilling a dual role ( Figure 3A) . 10 On one hand, dUTPase controls dUTP level. On the other hand, the product dUMP is the precursor for dTMP biosynthesis. This is of exceptional significance in Mycobacteria and Plasmodia where dUTPase-catalyzed reaction is the only biosynthetic route leading to dUMP ( Figure 3B ). The precursor for de novo pyrimidine biosynthesis is the cytosine ring that first needs to be deaminated to result in uracil upon which the methyl group can be added to form thymine ( Figure 3B ). Cytosine deamination can occur at different levels. 11, 12 In most organisms, dCMP deaminases are present that provide a direct input into the thymidylate synthase reaction. In these organisms, dUMP supply from the dUTPase-catalyzed reaction is of less importance. In enterobacteria, Mycobacteria and Plasmodia, however, cytosine deamination occurs at the dCTP level, as catalyzed by dCTP deaminases, to result in dUTP that has to be converted into dUMP by dUTPase, hence the increased importance of dUTPase in these organisms.
Deficiency of dUTPase results in a high level of dUMP incorporation into DNA ( Figure 3A) . Uracil-substituted DNA is subjected to uracil-excision repair; however, under high dUTP/ dTTP ratio, thymine-replacing uracils will be reincorporated during repair synthesis. Transformation of uracil-excision repair into a hyperactive futile cycle finally leads to cell death via double-stranded DNA breaks (thymine-less cell death) ( Figure 3A) . Accordingly, dUTPase knockouts are lethal in Escherichia coli and yeast alike. 13, 14 In human cells, siRNA silencing of dUTPase increased sensitivity to 5-fluoro-deoxyuridine, an anticancer drug that, upon phosphorylation into 5-fluoro-dUMP, perturbs dUTP/dTTP levels by inhibiting thymidylate synthase. 15 This observation indicates that thymidylate metabolism may be affected at different levels and combination therapies directed against more enzymes in this pathway may be synergistic.
Evolution and Occurrence of dUTPases
All free-living organisms and also diverse DNA and RNA (including retro-) viruses encode dUTPase. 16 The dUTPase protein (product of the dut gene) contains five hallmark conserved sequence motifs ( Figure 4A ,B). 17 Elongated additional conservation patterns can also be recognized in several distinct evolutionary branches. 18 Common features of all enzymes that contain these motifs include strict specificity for cleavage of the α-β phosphate-ester linkage of dUTP, practically no cleavage of dUDP, and a β-hairpin motif to accommodate the uracil ring with high specificity.
Some trypanosomal parasites lack the dut gene. 19 Here, the dUTPase function is provided by a protein of highly distinct character without any of the hallmark dUTPase motifs. This protein is capable of equally cleaving dUDP and dUTP (hence the term dUDPases/dUTPases), and recognition of uracil is provided by a different structural solution.
In the primate lentiviruses, like in HIV, the dut gene is not present in the genome. (Interestingly, the nonprimate immunodeficiency viruses, for example, feline immunodeficiency virus, or other nonprimate lentiviruses, for example, equine infectious anemia virus, do encode the dut gene. 20 ) In the absence of their own dUTPase, viruses probably rely on the host cell to provide dUTPase activity. Because dUTPase expression in eukaryotes is usually regulated during the cell cycle such that activity is present mostly in dividing cells, these viruses should either target nondifferentiated cells or switch on the host dUTPase in differentiated cells. Such a switch was proposed to operate during HIV infection that was suggested to turn on expression of an endogenous retroviral dut gene. 21 
Isoenzymes and Cellular Trafficking
In some eukaryotes, two dUTPase isoenzymes are generated by mRNA alternative splicing 22 or by use of alternative promoters. 23 In the latter case, human cells contain nuclear and mitochondrial isoforms possessing cognate localization signals. The nuclear isoform is under cell cycle control, while the mitochondrial isoform is constitutive, 23 probably reflecting the semi-independent nature of mitochondrial DNA repair. Drosophila melanogaster cells also contain two dUTPase isoforms, generated by alternative splicing, but these are both expressed under the control of the same cell-cycle-dependent promoter, and both are therefore present only in actively dividing cells. 22 One of these isoforms contains a nuclear localization signal, while the other one lacks any detectable localization signal and is usually located in the cytoplasm. The role of this "cytoplasmic" isoform needs further investigation to understand why the dUTPase function is located in a cellular compartment separate from the site of DNA synthesis and repair. The nuclear localization signal found on human and Drosophila nuclear dUTPase isoforms 22, 24 is rather unusual but is well preserved in other eukaryotic dUTPase sequences indicating that in most cases, the enzyme can be transported to its physiologically cognate cellular compartment, that is, the nucleus.
Post-transcriptional regulation of dUTPase expression may also operate. In Drosophila melanogaster, dUTPase protein and mRNA levels show an intriguing discrepancy: in most larval stages, the protein is under detection level, while mRNA levels do not decrease significantly. 22 These data suggest either mRNA-processing or fast protein degradation.
Structural Basis of Specificity
Most dUTPases are homotrimers where subunits fold into a jelly-roll β sheet [25] [26] [27] [28] [29] [30] [31] (Supplementary Table 1 , Supporting Information, Figure 5-Figure 7) . The unique characteristic of this dUTPase fold is the intricate interaction pattern among subunits: the Cterminal β-strand of subunit A leaves its protomer and reaches out to contact the surface of subunit C. This strand becomes incorporated into the β-sheet of subunit C by forming main chain contacts with the N-terminal β-strand of subunit C. The last ten residues of subunit A (the segment that follows the terminal β-strand) contact one of the enzyme-bound substrate molecules, also accommodated by conserved motifs from subunit B. The homotrimer forms three active sites in a symmetric fashion. Substrate in each of the active sites is contacted by conserved sequence motifs from all the three subunits ( Figure 5 ). Therefore, although each subunit contains all necessary residues for substrate binding, trimer formation is indispensable to bring these residues in proximity for the cognate binding site.
To prevent wasteful hydrolysis of energy-containing NTPs and dNTPs, specificity is of utmost importance for dUTPase. Two major mechanisms provide this: (i) steric exclusion of purines, thymine, and ribose and (ii) a hydrogen bonding pattern specific only for uracil. Steric hindrance is realized by residues within motif 3. 25, 32 This motif forms a tight β-hairpin to bind uracil and deoxyribose and to exclude purines or thymine. In addition to this main-chain steric hindrance, a tyrosine at the bottom of the β-hairpin is responsible for stacking over the deoxyribose and discriminating against ribose. Uracil-complementary hydrogen bonding is also provided by motif 3 ( Figure 5 ). Interestingly, protein atoms that form H-bonding partners with the uracil atoms belong to the main chain (O and N from the peptide chain) and not to side chains. Therefore, main chain folding is of major importance in uracil accommodation.
Motifs 1, 2, and 4 coordinate the metal ion and the phosphate chain of the nucleotide. A conserved aspartate within motif 1 donates two coordination positions for water molecules that will coordinate the metal ion Mg(II). Motif 5 has a crucial role in flipping over the active site and creating a microenvironment rather secluded from the bulk medium. Conserved residues within motif 5 are either charged/polar (these contribute to phosphate chain binding) or apolar (a phenylalanine ring is almost invariably present (in Mycobacterium tuberculosis dUTPase, it is replaced by histidine 33 ) and stacks over the uracil ring of the nucleotide). Active site architecture within the trimer is realized in a highly interconnected manner wherein one nucleotide molecule together with the Mg(II) ion coordinated to it receives interacting partners from motif 3 of the first monomer, motifs 1, 2, and 4 from the second monomer, and motif 5 from the third monomer.
In addition to C-terminal arm swapping, monomer interfaces also constitute interacting surfaces. Binary interactions between two neighboring monomers display both polar Hbonding and apolar contacts in a species-specific manner. 18, 34 Ternary interactions also occur along the inner channel within the trimer. This central channel can be either strongly apolar and tight 25 or much more polar, accommodating several water molecules and also metal ions. 27, 28 Stability of the protein seems to depend on the character of the central channel: the E. coli enzyme is considerably more stable in either heat-or chemical-induced unfolding experiments as compared with human or Drosophila dUTPases 34, 35 that contain a more polar channel.
Trimer-Mimicking Monomers
The formation of the dUTPase fold may be facilitated in a very specific manner in Caenorhabditis elegans dUTPase. Here, the genome encodes three monomers of the enzyme within the same gene, with linker regions between the subunits. 36 Homologous modeling of this protein suggested that the dUTPase fold can be adopted by this protein, as well.
Another peculiar case for trimer-mimicking monomer is found in mammalian herpes viruses: 17,37,38 the conserved motifs are still preserved but are arranged in a different fashion ( Figure  4B ), possibly due to gene duplication followed by point mutations. Interestingly, the active site architecture and three-dimensional fold closely resembles the usual dUTPase trimeric fold in such a way that the N-terminal segment acts as the first monomer, most of the C-terminal segments play the role of the second monomer and the last C-terminal residues mimic the third monomer in closing the active site by the fifth conserved motif. 38 
Nucleocapsid dUTPases
In contrast to other retroviruses, β-retroviruses encode the dut gene at the junction of gag and pro reading frames. 30, 39, 40 Ribosomal frame shifting results in the translation of the GAG-PRO polyprotein, which is cleaved into the mature viral proteins by the retroviral protease. A bifunctional protein is created: the retroviral nucleocapsid protein is fused to the N-terminus of the dUTPase. The trimeric organization dictated by the dUTPase core is preserved, and correct functions of both domains are displayed. Coupling of nucleic acid binding and dUTPase activity within one single polypeptide may facilitate dUTPase anchoring to reverse transcription sites where DNA synthesis occurs. The trimeric fold of the dUTPase is modulated in this case in a specific manner to allow for the presence of the N-terminal additional polypeptide segment: the C-terminal β-strand that usually reaches over to the active site of another subunit has an altered orientation and interacts with the active site of the same monomer. 30 
The dCTP Deaminase/dUTPase Bifunctional Enzymes
Coupling of dCTP deaminase and dUTPase activities within the same active site excludes the possibility of dUTP escape into the cellular milieu for DNA synthesis. Such bifunctional enzymes exist in thermophilic Archaea, 41 where removal of dUTP is of increased significance since archeal DNA polymerases are strongly inhibited by the presence of uracil in DNA. 42 Recently, the dCTP deaminase from M. tuberculosis was also shown to possess dUTPase activity. 43 M. tuberculosis also encodes a bona fide dUTPase, 31 the catalytic power of which exceeds that of the bifunctional dCTP deaminase/dUTPase by several orders of magnitude. 33 The bifunctional enzyme represents a direct channeling pathway from dCTP into dUMP for thymidylate synthase. However, for efficient removal of dUTP, generated by alternative pathways, from the DNA polymerase pathway, the bona fide dUTPase with its excessively high affinity for dUTP 33 is indispensable. The relative significance of these two enzymes was assessed in knockout studies where dUTPase was shown to be essential while the bifunctional enzyme was dispensable for viability of M. tuberculosis. 44 
Catalytic Mechanism of Homotrimeric dUTPases
dUTPase is an efficient catalyst: k cat /K M is (1-4) × 10 7 M −1 s −1 (compare diffusion-controlled limit (1-2) × 10 8 M −1 s −1 ), while turnover rates vary between 0.5 and 25 s. 1, 26, 30, 37, 40, [45] [46] [47] [48] [49] [50] This time range can be best studied using high-end rapid kinetic tools and allows investigation of the fundamental enzymatic steps. 47 All homotrimeric dUTPases characterized so far seem to share a similar enzymatic mechanism. In several crystal structures, a water molecule is positioned for in-line nucleophilic attack on the αP 29,31 coordinated by a strictly conserved aspartate side chain of motif 3 ( Figure 6B ). Aspartate to asparagine mutation abolishes the ability to accommodate the catalytic water and leads to practically complete loss of hydrolytic activity while retaining wild-type substrate binding affinity. 29 It was also shown that the 18 O-label appears in the product dUMP when catalysis occurs in 18 O-labeled water. 51 dUTP hydrolysis on the enzyme therefore occurs through an associative S N 2 mechanism, and catalysis is brought about by relative stabilization of a pentacovalent reaction intermediate. Computational studies are in agreement with the proposed stabilization of this intermediate within the dUTPase active site. 52 A series of crystallographic snapshots along the catalytic cycle of dUTPase was collected to conclude this issue. These data are now being analyzed and show the presence of a transient product conformation reflecting S N 2 mechanism with in-line attack (Barabas, O.; Vertessy, B. G., manuscript in preparation).
The key resolvable enzymatic steps include (i) rapid substrate binding followed by (ii) a relatively slow substrate-induced isomerization to the catalytically competent active site conformation, (iii) the rate-limiting hydrolysis step, and (iv) rapid release of the products. 47 Dissociation rate constants suggested nonordered release of the products from the enzymeproducts complex. 47 Both products (dUMP and PPi) are competitive inhibitors of the dUTPase reaction, which again implies nonsequential release. Nevertheless, the hypothesis of PPi leaving first and dUMP leaving second has been commonly accepted on the basis of mostly intuitive structural considerations.
The specificity of dUTP binding to dUTPase is provided by the uridine moiety, which precisely fits into the active site ( Figure 5 ). The phosphate chain, however, may adopt multiple conformations ( Figure 7) . The trans geometry of the αP is catalytically noncompetent. 31, 53, 54 In the so-called gauche conformation, αP is in-line with the catalytic water thus allowing formation of the pentacovalent hydrolysis intermediate (Figure 7 ). In the presence of Mg(II), the gauche conformation is exclusive and the catalytic efficiency is maximal. In the absence of the cation, the phosphate chain may adopt both gauche and trans conformations in most dUTPases investigated, 54 while the catalysis rate is reduced to ∼500%. 33, 40, 46, 53, 55 These observations imply that the equilibrium of trans to gauche transition will define the frequency of catalytic events in the absence of cation.
In the catalytically competent gauche conformation of the αP, basic residues within motifs 2 and 4 participate in polar interactions with the phosphate chain oxygens in such a way that the phosphate chain is bent in a semicircle with the metal ion in the middle ( Figure 6B ). Such tridentate Mg(II) coordination pattern is rather exceptional but also observed in DNA polymerases that catalyze the same type of reaction: dNTP cleavage between the α-β phosphate groups. 56 Mg(II) also plays a role in increased substrate binding affinity through an extended H-bonding network formed between the substrate and the enzyme in its presence ( Figure 6 ). Another important role of the metal cofactor is leaving group stabilization ( Figure 6A ). The original coordination symmetry to the triphosphate chain is broken during catalysis and Mg(II) stays coordinated to the pyrophosphate product within the enzyme-products complex. Replacement of Mg(II) with VO(II) results in a 2-3-fold increase in turnover rate probably due to the increased affinity (1000×) of the pyrophosphate leaving group to VO(II) 46 The highly conserved sequence (RGxxGF/YGS/TT/SG) in the C-terminal arm (motif 5) is similar to that of P-loops found in other nucleotide hydrolyzing enzymes. 57 Glycine positions are of utmost importance in these sequences to adopt the correct tertiary structure for the accommodation of the γP. Both structural and solution dynamics data indicate that the Cterminal motif 5 is the single largest protein fragment that undergoes relatively large conformational changes during the enzymatic cycle, while only subtle changes can be detected in the protein core. 55, 58, 59 Although much studied, the exact role of motif 5 is still not clear. Nucleophilic attack on the α-phosphorus was suggested to be facilitated by closure of the arm upon the active site. 55 Conformational studies of this segment during the catalytic cycle of the human enzyme showed that although flexibility is altered (depending on the bound reaction intermediate), overall structure and proximity to the protein core are not. 47 Another possible role was attributed to the stacking interaction between the uracil ring of the substrate and the conserved phenylalanine/tyrosine in motif 5. This so-called phenylalanine/tyrosine lid would facilitate dUMP dissociation after hydrolysis by pulling it out of the nucleotide pocket. 27 These suggestions may be experimentally tested using dUTPase mutants and transient kinetic methods. Such experiments will hopefully also explain why dUDP is not hydrolyzed by dUTPase despite the fact that the α-β phosphate bond of dUDP and dUTP is positioned similarly in dUTPase crystal structures in the presence of Mg(II).
Concluding Remarks
dUTPases satisfy the cellular requirement for low dUTP/dTTP levels. The catalytic mechanism involves in-line attack by an activated nucleophilic water and a specific configuration of the substrate α-phosphorus. Due to its essential role, the enzyme is a promising target for several strategies. First, since dUTPase is up-regulated in tumor cells, 60 the human enzyme is a straightforward target for anticancer therapies. dUTPase inhibitors have also been proposed to fight infectious diseases of worldwide concern, such as tuberculosis and malaria. 31, 33, 61 Here, dUTPase targeting offers special promise since thymidylate biosynthesis in both Mycobacterium tuberculosis and Plasmodium falciparum relies exclusively on the dUTPasecatalyzed pathway.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Watson-Crick base pairing between adenine and thymine (i.e., 5-methyl-uracil) and (B) de novo biosynthesis of dTMP. A. Dual role of dUTPase. In the absence of dUTPase (i.e., when dUTP/dTTP ratio is high), thymine-replacing uracils will be reincorporated during base excision repair (BER), but cytosine deamination can be correctly repaired (underlined bases U, C). B. De novo and salvage pathways for dTTP biosynthesis. Enzymes not present in Mycobacteria and Plasmodia are crossed out. Catalytically competent and noncompetent conformation of the bound substrate. (A) dUDP (teal) and α,β-imido-dUTP (dUPNPP, magenta) complexed human dUTPase crystal structures (PDB IDs 1 Q5H and 2HQU) are superimposed to show relevant differences between the catalytically noncompetent trans (dUDP) and competent gauche (dUPNPP) binding modes within the active site. Surface and ribbon models of the protein are subunit-color-coded (A, yellow; B, green; C, blue). (B) Slab view of panel A to reveal the available inner hole that provides ample conformational space for the phosphate chain.
